The first steps of animal speciation are thought to be the development of sexual isolating mechanisms. In contrast to recent progress in understanding the genetic basis of postzygotic isolating mechanisms, little is known about the genetic architecture of sexual isolation. Here, we have subjected Drosophila melanogaster to 29 generations of replicated divergent artificial selection for mating speed. The phenotypic response to selection was highly asymmetrical in the direction of reduced mating speed, with estimates of realized heritability averaging 7%. The selection response was largely attributable to a reduction in female receptivity. We assessed the whole genome transcriptional response to selection for mating speed using Affymetrix GeneChips and a rigorous statistical analysis. Remarkably, >3,700 probe sets (21% of the array elements) exhibited a divergence in message levels between the Fast and Slow replicate lines. Genes with altered transcriptional abundance in response to selection fell into many different biological process and molecular function Gene Ontology categories, indicating substantial pleiotropy for this complex behavior. Future functional studies are necessary to test the extent to which transcript profiling of divergent selection lines accurately predicts genes that directly affect the selected trait.
Species are groups of actually or potentially interbreeding natural populations, which are reproductively isolated from other such groups.
Recent studies by the students of animal behavior, as well as the revised interpretation of many earlier observations, indicate that behavior differences are among animals the most important factor in restricting random mating between closely related forms.
E. Mayr, 1942 O ne of the major challenges facing modern biology is to understand the genetic mechanisms causing speciation. Because sexual isolating mechanisms that act before fertilization [''ethological'' isolating mechanisms (1) ] are thought to precede the evolution of postzygotic isolating mechanisms (inviability and sterility), we need to understand the genetic basis of sexual isolation if we are to gain insight about the early stages of species formation. However, mating behaviors are complex traits, with variation attributable to multiple interacting loci with individually small effects, whose expression depends on the environment. Thus, understanding the genetic architecture of sexual isolation requires that we overcome the twin obstacles of mapping genes causing differences between organisms that, by definition, do not interbreed (2) and solving the problem of genetically dissecting complex behavioral traits (3) .
Drosophila Mating Behavior
Drosophila species present an ideal model system in which to investigate the genetic basis of sexual isolation. Several species pairs are only partially reproductively isolated, producing fertile hybrids that can be backcrossed to one of the parental species to generate segregating backcross mapping populations. Furthermore, Drosophila melanogaster is a model organism with excellent genetic and genomic resources that are ideal for genetically dissecting complex traits, including the ability to clone chromosomes, replicate genotypes, and rear large numbers of individuals under uniform environmental conditions; publicly available mutations and deficiency stocks useful for mapping; abundant segregating variation in natural populations that can readily be selected in the laboratory to produce divergent phenotypes a complete well annotated genome sequence; and several platforms for whole-genome transcriptional profiling. Courtship behavior of Drosophila is composed of sequential actions that exchange auditory, visual, and chemosensory signals between males and females, allowing for individual components of the behavior to be quantified and separated (4, 5) . Courtship is initiated when the male aligns himself with the female, using visual and olfactory signals for orientation. He then taps the female's abdomen with his foreleg, using pheromonal cues for gender and species recognition, followed by wing vibration to produce a speciesspecific courtship song. After courtship initiation, the male again uses pheromonal cues by licking the female's genitalia, after which he will attempt to copulate. The female can accept the male or reject him by moving away. Successful copulation is accompanied by the transfer of sperm and seminal fluids that stimulate the release of oocytes by the ovary (6) and reduce female receptivity to other males (7, 8) . Components of the seminal fluids are associated with the reduced lifespan of mated females (9) , setting up an intersexual conflict (10) .
Given the complexity of Drosophila courtship behavior, it is not surprising that mutations in genes affecting multiple biological processes affect mating behavior (11, 12) . These include mutations in genes required for normal morphology [white (13, 14) , yellow (14) , and curved (15)], as well as genes involved in learning and memory [Calcium calmodulin kinase II (16) , dunce (17, 18) , rutabaga (19, 20) , turnip (19, 21) , and amnesiac (20, 22, 23) ], circadian rhythm [period (18, (24) (25) (26) ] and dopamine and serotonin synthesis [Dopa decarboxylase (27) , pale (28, 29) , tan (30, 31) , and ebony (32) (33) (34) ], sex determination [doublesex (35) (36) (37) , transformer (38) (39) (40) (41) (42) (43) , fruitless (44) (45) (46) (47) , and sex lethal (48) ], pheromone production [desaturase 2 (49) ], and accessory gland-specific peptides (6-8, 50-52). a subset of loci identified by mutational analysis, or will the analysis of natural variants reveal novel loci? Is natural variation in mating behavior attributable to a few genes with large effects or many genes with small effects? Do the alleles at different loci interact additively or exhibit epistasis? Do the same genes that affect variation in courtship behavior within species account for sexual isolation between species? Answers to these questions require that we identify the quantitative trait loci (QTLs) affecting sexual isolation between species and variation in mating behavior within species.
Because QTLs often have small effects that are contingent on the environment, they can be mapped only by linkage to markers whose genotype can be scored unambiguously (53) . Before the recent discovery of abundant polymorphic molecular markers, mapping the QTLs affecting sexual isolation between Drosophila species was confined to estimates of the effects of each chromosome arm (54) (55) (56) (57) (58) (59) (60) .
Two recent studies addressed the genetic basis of variation in sexual isolation between Drosophila pseudoobscura and Drosophila persimilis (61) and between Drosophila simulans and Drosophila mauritiana (62) by linkage to molecular markers in large backcross populations. In the first species pair, sexual isolation is attributable to female discrimination against males of the sibling species; males readily court females of either species. QTLs affecting male traits against which D. pseudoobscura discriminate are located primarily on the left arm of the X chromosome, with minor contributions from the right arm of the X and second chromosomes. QTLs affecting male traits against which D. persimilis discriminate are located on the second chromosome (61) .
D. mauritiana females rarely mate with D. simulans males. At least seven QTLs, mapping to all three chromosomes, affect the discrimination of D. mauritiana females against D. simulans males; and three QTLs, all on the third chromosome, affect the D. simulans male traits against which D. mauritiana females discriminate. QTLs for female choice are different from those for the male traits they are choosing against. Although D. simulans females mate with D. mauritiana males, copulations are abnormally short and often do not result in adequate sperm transfer (56) . At least six autosomal QTLs affect the D. mauritiana male traits against which D. simulans females discriminate. No epistatic interactions were observed between QTLs affecting prezygotic isolation, in contrast to the genetic architecture of postzygotic isolation (2) . Although a few QTLs with moderate effects affect prezygotic reproductive isolation in both of these species pairs, high-resolution recombination mapping will be necessary to identify individual genes.
Variation in Mating Behavior Within D. melanogaster
Genetic variation for incipient sexual isolation has been implicated within populations of D. melanogaster by repeated observations that positive assortative mating can evolve as a correlated response to divergent artificial selection for sensory bristle numbers, geotaxis, phototaxis, and locomotor activity (63) . Presumably, assortative mating evolves because genes affecting the selected traits are closely linked to genes affecting mating behavior or have pleiotropic effects on mating behavior. There is naturally occurring polymorphism for incipient sexual isolation within D. melanogaster. Females from populations in Zimbabwe (Z) exhibit strong preference for Z males when given a choice between Z and Cosmopolitan (C) males, but the reciprocal crosses exhibit weaker or no sexual isolation (64) . Chromosome substitution analyses revealed that QTLs affecting the discrimination of Z females against C males, as well as QTLs affecting the attractiveness of Z males to Z females, reside on all major chromosomes, with the third chromosome having the greatest and the X chromosome the least effect (65) . Recombination mapping of third-chromosome QTLs using visible morphological markers revealed at least four epistatic QTLs affecting Z male mating success and at least two QTLs affecting Z female mating preference (66) .
Recently, QTLs affecting variation in male mating behavior between Oregon (Ore), a standard wild-type strain, and 2b, a strain selected for reduced male courtship and copulation latency, have been mapped with high resolution by linkage to molecular markers in a panel of 98 recombinant inbred lines derived from these strains (67) . The initial genome scan revealed a minimum of one X chromosome and three autosomal QTLs affecting variation in male mating behavior between Ore and 2b. These QTLs mapped to relatively large genomic regions containing on average Ͼ600 genes. However, in D. melanogaster, one can readily map QTLs to subcM regions using deficiency complementation mapping (68) and identify candidate genes corresponding to the QTLs using quantitative complementation tests to mutations at the positional candidate genes (69, 70) . The three autosomal QTLs fractionated into five QTLs containing 58 genes on average. Complementation tests to all 45 available mutations at the positional candidate genes delimited by deficiency mapping revealed seven novel candidate genes affecting male mating behavior: eagle, 18 wheeler, Enhancer-of-split, Polycomb, spermatocyte arrest, l (2)05510, and l (2)k02006. These genes are involved in spermatogenesis, chromatin and gene silencing, serotonin neuron fate determination, and nervous system development. None of these genes has been previously implicated in mating behavior, demonstrating that quantitative analysis of subtle variants can reveal novel pleiotropic effects of key developmental genes on behavior (67) .
Our ability to map the genes affecting naturally occurring variation in mating behavior within D. melanogaster is compromised by two factors. First, the size of the mapping populations determines the minimum QTL effect that can be detected. Increasing the sample size will increase the numbers of mapped QTLs, because linked QTLs can be separated by recombination, and the minimum detectable effect decreases as the sample size increases. Second, any two strains used to map QTLs are limited samples of the existing variation (53) . Recently, there has been great excitement about the utility of whole genome transcriptional profiling to identify candidate genes regulating complex traits by assessing changes in gene expression between lines selected for different phenotypic values of the trait (71) . Here, we describe the results of 29 generations of replicated selection for increased and decreased mating speed from a large heterogeneous base population and the analysis of the whole genome transcriptional response to artificial selection.
Materials and Methods
Drosophila Selection Lines. The base population consisted of 60 isofemale lines collected in Raleigh, NC, in 2002 using fruit baits. The 60 lines were crossed in a round-robin design (&1ϫ(2, &2ϫ(3, . . . , &60ϫ(1) in separate culture vials, with three females and three males per vial. After 2 days, one inseminated female from each cross was placed in each of two culture bottles to initiate replicate selection lines. The progeny from each replicate bottle were scored for copulation latency to initiate Generation 1 of selection. A total of 50 pairs of 4-to 7-day-old virgin males and females from each replicate bottle were placed in culture vials, and the time to copulation was scored for each pair, for a total of 3 h. The 20 fastest pairs from each replicate were placed in culture bottles to initiate the two Fast selection lines, and the 20 slowest pairs were placed in culture bottles to initiate the two Slow lines. Control lines were started from the 10 middle-scoring pairs from each line, plus 10 pairs of virgin males and females that were not scored. In the second and subsequent generations, 50 males and females from the six replicate lines were scored for copulation latency. The Fast lines were maintained by selecting the 20 fastest pairs each generation, and the Slow lines were maintained by selecting the 20 slowest pairs. The control lines were maintained by 20 pairs that were chosen at random with respect to copulation latency. Pairs that did not mate in the 3-h observation period were given a score of 180 min.
Flies were reared on standard cornmeal-molasses-agar medium and maintained in an incubator at 25°C and a 12:12 h light͞dark cycle. Mating behavior was assessed for 3 h in the morning, 2 h after lights on.
Quantitative Genetic Analysis of Selection Response. Realized heritability of copulation latency was computed for each replicate from the regression of cumulated response (as a deviation from the control) on cumulated selection differential (72) .
Male Mating Behavior.
We assessed correlated responses in male mating behavior in response to selection for copulation latency from generations 21-23. Male mating behavior was assessed for 1 h, immediately after the flies were paired. Otherwise, the conditions were identical to those under which copulation latency was scored.
Courtship latency is the time to initiate courtship behavior. We scored courtship intensity by observing individual males every minute after initiation of courtship until copulation occurred and recording whether they were engaged in courtship behavior. The measure of courtship intensity was the number of times they were observed courting divided by the total number of observations.
Transcriptional Profiling. At Generation 23, three replicate groups of 50 4-to 7-day-old virgin males and females were collected from the two Fast and two Slow replicate lines (i.e., the same age and mating status as the flies before selection). Total RNA was extracted independently for each of the 24 samples (four lines ϫ two sexes ϫ three replicates) by using the TRIzol reagent (GIBCO͞BRL). The samples were treated with DNase and purified on Qiagen (Chatsworth, CA) RNeasy columns. Biotinylated cRNA probes were hybridized to high-density oligonucleotide Affymetrix Drosophila GeneChip 2.0 microarrays and visualized with a streptavidin-phycoerythrin conjugate, as described in the Affymetrix GeneChip Expression Analysis Technical Manual (2000), using internal references for quantification.
Micorarray Data Analysis. We normalized the expression data by scaling overall probe set intensity to 300 on each microarray using standard reference probe sets on each GeneChip for the normalization procedure. Every gene on the Affymetrix Drosophila GeneChip 2.0 is represented by a probe set consisting of 14 perfect match (PM) and 14 mismatch (MM) probe pairs. The quantitative estimate of expression of each probe set is the Signal (Sig) metric. Sig is computed by using the one-step Tukey's biweight estimate, which gives the weighted mean of the log(PMϪMM) intensities for each probe set (AffymetrixMicroarray Suite, Ver. 5.0). A detection call (present, marginal, or absent) is also given for each probe set. We eliminated probe sets from consideration if over one-half were called absent. In practice, this retained probe sets with sex-specific expression and removed those with low and variable Sig values. We performed two-way fixed-effect ANOVAs of the expression values for all remaining probe sets, according to the model Y ϭ ϩ S ϩ L ϩ SϫL ϩ E, where S and L are the crossclassified effects of sex and selection line (Fast replicate 1, Fast replicate 2, Slow replicate 1, and Slow replicate 2), respectively, and E is the variance between replicate arrays. P values were computed from F ratio tests of significance for each of the terms in the ANOVA. Because there are Ͼ18,000 probe sets on the array, this poses a huge multiple testing problem for determining the significance threshold using P values. Bonferroni corrections for multiple tests are too conservative, and a conventional 5% significance threshold will yield too many false positives. We used a Q ϭ 0.001 false-discovery rate criterion (73) for the significance of any of the terms in the ANOVA model. Unlike the P value, which is the number of false positives expected when truly nothing is significant, the false discovery rate Q value controls the proportion of false positives among all terms declared significant (73) .
Variation in transcript abundance between lines could be attributable to changes in gene frequency due to random drift or to changes in frequency of genes under selection. In the latter case, one would expect common alleles affecting variation in transcript abundance to have the same effect in both selection lines. Therefore, contrast statements were used to assess whether transcript abundance for probe sets with L and͞or SϫL terms at or below the Q ϭ 0.001 threshold was significantly different between the two Fast lines and the two Slow lines, both pooled over sexes, and for each sex separately.
Statistical analyses were conducted by using SAS software (SAS Institute, Cary, NC). Cytological locations and biological process and molecular function gene ontologies were given by the NetAffyx (www.affymetrix.com͞analysis͞index.affx) database, supplemented by information from the FlyBase Consortium (74), current as of December 31, 2004 .
Results
Phenotypic Response to Selection for Copulation Latency. The result of 29 generations of replicated selection for increased and decreased copulation latency is depicted in Fig. 1A . The selection response is highly asymmetrical in the direction of increased copulation latency. The Fast and Slow replicate lines were significantly diverged from Generation 25. We analyzed the mating speed data from generations [25] [26] [27] [28] [29] 
where is the overall mean; S and G are the crossclassified fixed effects of direction of selection (Fast vs. Slow) and generation, respectively; R is the random effect of replicate line; and E is the variance within lines. The effect of direction of selection was highly significant (F 1, 2 ϭ 617.71, P ϭ 0.0016).
We computed realized heritabilities (h 2 ) of mating speed from the regressions of cumulated response on cumulated selection differentials (ref. 72 and Fig. 1 B and C) . Estimates of h 2 (ϮSE of the regression coefficient) were h 2 ϭ 0.047 (0.025) and h 2 ϭ 0.011 (0.020) for Replicate 1 and 2 Fast lines, respectively; neither estimate is significantly different from zero. Estimates of h 2 for the Replicate 1 and 2 Slow lines, respectively, were h 2 ϭ 0.059 (0.015, P ϭ 0.0006) and h 2 ϭ 0.099 (0.016, P Ͻ 0.0001). Heritabilities estimated from the divergence were h 2 ϭ 0.056 (0.011, P Ͻ 0.0001) and h 2 ϭ 0.078 (0.012, P Ͻ 0.0001) for Replicates 1 and 2, respectively.
Reduced mating speed could be attributable to reduced male copulation latency, reduced female receptivity, or both. At generations 18, 20, and 21, we assessed copulation latency when Fast females of each replicate were paired with Slow males and when Slow females of each replicate were paired with Fast males. The results of these tests, as well as the responses of the selection lines in these generations, are shown in Fig. 1D . We analyzed the copulation latency data by the fixed-effects ANOVA model Y ϭ ϩ C ϩ G ϩ CϫG ϩ E, where C is cross, G is generation, and E is the variation within each cross and generation. The effect of cross was highly significant (F 7, 1176 ϭ 221.95, P Ͻ 0.0001). Post hoc Tukey tests revealed there was no significant difference in mating speed between Fast females of either replicate when paired with Fast or Slow males. However, Slow females were equally slow when paired with Slow or Fast males. Clearly, the rapid evolution of reduced copulation latency is attributable to reduced female receptivity: slow females are picky.
We assessed correlated responses in male behavior by measuring courtship latency and courtship intensity for each of the reciprocal pairs of selection lines (Fast females and Fast males, Fast females and Slow males, Slow females and Slow males, and Slow females and Fast males) for each replicate. The data were analyzed by ANOVA, as described above for copulation latency. There was no detectable difference in courtship latency of males in any of the crosses (F 7, 143 ϭ 1.54, P ϭ 0.158; Fig. 1E ). There were, however, highly significant differences in courtship intensity between the crosses (F 7, 142 ϭ 5.92, P Ͻ 0.0001; Fig. 1F ). The courtship intensity of Fast males with Fast females was much greater than that with Slow males and Slow females. The courtship intensity of both replicates of Fast males with Slow females was not significantly different from that of these males with Fast females. However, the courtship intensity of Slow males from Replicate 1 with Fast females was as low as with Slow females, but the courtship intensity of Slow males from Replicate 2 with Fast females was as fast as the Fast males (Fig. 1F) , indicating some divergence between the replicates in correlated male behaviors.
Transcriptional Response to Selection for Copulation Latency.
We assessed transcript abundance at the time of selection for the Fast and Slow selection lines, using Affymetrix high-density oligonucleotide whole genome microarrays. Raw expression data are given in Table 4 , which is published as supporting information on the PNAS web site. Statistically significant differences in transcript abundance were evaluated by factorial ANOVA (with line and sex the two crossclassified main effects) for each probe set. Using a false discovery rate of Q ϭ 0.001 (i.e., one false positive in 1,000 among probe sets declared significant), 10,336 probe sets were significant for the main effect of sex, 4,420 were significant for the main effect of line, and 1,107 were significant for the line ϫ sex interaction.
We used ANOVA contrast statements to detect probe sets that were up-or down-regulated in both Fast and Slow selection replicates, as would be expected if gene frequencies of the same common alleles changed in both selection lines. Remarkably, a total of 3,727 probe sets met this criterion (Table 5 , which is published as supporting information on the PNAS web site). Of these, 836 were male-specific (505 of these probe sets were up-regulated in Fast males, and 331 were up-regulated in Slow males), 1,336 were female-specific (912 were up-regulated in Fast females, and 424 were up-regulated in Slow females), and 1,490 affected both sexes (575 were up-regulated in Fast lines, and 915 were up-regulated in Slow lines). In addition, transcript abundance for 65 probe sets had sexually antagonistic effects. Of these, 23 were up-regulated in Fast females and down-regulated in Fast males, and 42 were upregulated in Fast males and down-regulated in Fast females. Clearly, there has been a widespread transcriptional response to selection for mating speed. However, the magnitude of the changes of transcript abundance is not great, with the vast majority much less than 2-fold (Fig. 2) .
We assessed whether probe sets with significantly altered transcript abundance were randomly distributed among the five major chromosome arms. We counted the number of probe sets on each chromosome arm and used a 2 goodness-of-fit test to check for departure from the expected number, computed based on the total fraction of the genome on each chromosome arm. We observed a nonrandom distribution of probe sets that were up-regulated in Fast relative to Slow males ( 4 2 ϭ 20.19; P ϭ 0.0005) and for probe sets that were up-regulated in Slow relative to Fast males ( 4 2 ϭ 19.56; P ϭ 0.0006) (Fig. 3) . In both cases, a deficiency of up-regulated transcripts on the X chromosome contributed to the significant 2 statistic. In addition, there was an excess of transcripts up-regulated in Slow relative to Fast males on chromosome 2L.
We also assessed whether probe sets were nonrandomly distributed along each chromosome arm, as might be expected if selection caused linkage disequilibrium between selected loci and closely linked genes. We counted the number of probe sets in each major cytological division and used a 2 goodness-of-fit test to check for departure from the expected number, based on the total fraction of genes on each chromosome arm per cytological division. Only 5 of the 30 2 statistics were significant at P Ͻ 0.05 and, of these, only one test statistic was significant based on a Bonferroni correction for multiple tests. This was for probe sets on chromosome 2L that were up-regulated in Fast relative to Slow females ( 19 2 ϭ 50.638; Comparison of the numbers of up-regulated probe sets in each GO category with the number expected based on representation on the microarray revealed that many categories were significantly over-or underrepresented. We hypothesize that GO categories that are overrepresented contain probe sets for which transcript abundance has been altered as a consequence of artificial selection, whereas natural selection opposes artificial selection for probe sets in GO categories that are underrepresented. For example, more probe sets than expected that are up-regulated in Fast relative to Slow females fall into the physiological biological process and binding molecular function categories. On the other hand, there are fewer probe sets than expected in the regulation biological process and transcription regulator categories that exhibit significant changes in transcript abundance in multiple comparisons of selection lines (Tables 1  and 2) .
We can begin to build a picture of the transcriptional response to artificial selection by examining GO categories that are overrepresented in the various comparisons of selection lines (Tables 6 and  7 , which are published as supporting information on the PNAS web site). Probe sets that are up-regulated in Fast relative to Slow females fall more often than expected in the biological processes categories of cell growth and maintenance (P ϭ 1.55 ϫ 10 Ϫ7 ), oocyte maturation (P ϭ 6.03 ϫ 10 Ϫ7 ), chromatin silencing (P ϭ 7.50 ϫ 10 Ϫ9 ), sexual reproduction (P ϭ 5.44 ϫ 10 Ϫ7 ), gene silencing (P ϭ 2.63 ϫ 10 Ϫ9 ), RNA metabolism (P ϭ 2.12 ϫ 10 Ϫ14 ), DNA metabolism (P ϭ 1.66 ϫ 10 Ϫ26 ), and transcription (P ϭ 1.73 ϫ 10 Ϫ4 ) and the molecular function categories of histone binding (P ϭ 4.55 ϫ 10 Ϫ5 ), DNA replication origin binding (P ϭ 1.44 ϫ 10 Ϫ23 ), chromatin binding (P ϭ 9.45 ϫ 10 Ϫ14 ), RNA binding (P ϭ 1.70 ϫ 10 Ϫ20 ), and helicase activity (P ϭ 7.91 ϫ 10 Ϫ8 ). Probe sets involved in neurotransmitter catabolism (P ϭ 3.53 ϫ 10 Ϫ13 ) and electron transport (P ϭ 9.02 ϫ 10 Ϫ7 ) and that have NADH dehydrogenase activity (P ϭ 1.87 ϫ 10 Ϫ7 ) are up-regulated more often than expected in Slow relative to Fast females. Probe sets involved in postmating behavior (P ϭ 6.00 ϫ 10 Ϫ4 ), sperm storage (P ϭ 4.67 ϫ 10 Ϫ7 ), lipid metabolism (P ϭ 5.77 ϫ 10 Ϫ5 ), and defense response (P ϭ 9.71 ϫ 10 Ϫ3 ), and that have hydrolase activity (P ϭ 2.53 ϫ 10 Ϫ4 ) are up-regulated more often than expected in Fast relative to Slow males. Slow males are distinguished from Fast males by overrepresentation of up-regulated transcripts involved in postmating behavior (P ϭ 1.19 ϫ 10 Ϫ12 ), insemination (P ϭ 4.78 ϫ 10 Ϫ11 ), sperm displacement (P ϭ 1.11 ϫ 10 Ϫ12 ), and steroid metabolism (P ϭ 4.35 ϫ 10 Ϫ5 ). Because 21% of the probe sets on the array are implicated in the transcriptional response to selection, one expects the same fraction of loci in any pathway to be represented by chance. Nevertheless, it is gratifying that transcript levels of many genes that have previously been implicated in mating behavior have been altered by selection. These include several male-specific transcripts and accessory gland proteins (Acp26Aa, Acp26Ab, Acp29AB, Acp36CD, Mst35Bb, Mst57Da, Mst84Dd, and Mst89B) and genes involved in sex determination (doublesex, transformer, transformer 2, and fruitless), circadian rhythm͞courtship song (nonA and period), and dopamine metabolism (ebony). In addition, transcript abundance of two of the genes identified by mapping QTLs that cause variation in mating behavior between Oregon and 2b and 18 wheeler and Enhancer of split (67) was also altered between these selection lines. Novel candidate genes affecting mating behavior implicated by changes in transcript abundance between selection lines include 15 of the 39 members of the predicted family of odorant binding proteins; genes involved in circadian rhythm, larval locomotion, learning and memory, and olfactory behavior; and genes involved in neurogenesis (Table 3) .
Discussion
We have shown that Drosophila mating speed responds to artificial selection, and that response is largely attributable to an increase in female copulation latency (i.e., a reduction in female receptivity). Thus, there is naturally segregating variation for at least one component of mating behavior. The average divergence in mating speed from generations 25-29 is seemingly large at 113 min but is only 3.5 times the phenotypic standard deviation, which is a rather modest long-term selection response (72) . To date, analysis of mating behavior in these lines has been confined to no-choice tests in which each female is paired with a single male. In the future, it will be of considerable interest to conduct choice mating tests to determine whether preference for Slow males has evolved as a correlated response to increased discrimination of Slow females (or Table 1 . Biological process GO categories GO category Male-specific, n Female-specific, n Both sexes, n Numbers are the numbers of up-regulated probe sets in each comparison. P values (in parentheses) are from 2 tests of departure from expected numbers in each GO category, based on the frequency of probe sets in each category on the GeneChip. Italics denote fewer up-regulated probe sets than expected by chance; bold denotes more up-regulated probe sets than expected by chance.
Table 2. Molecular function GO categories

GO category
Male-specific, n Female-specific, n Both sexes, n Numbers are the numbers of up-regulated probe sets in each comparison. P values (in parentheses) are from 2 tests of departure from expected numbers in each GO category, based on the frequency of probe sets in each category on the GeneChip. Italics denote fewer up-regulated probe sets than expected by chance; bold denotes more up-regulated probe sets than expected by chance. NA, not applicable.
vice versa) and to assess correlated responses of fertility, longevity, and other behavioral traits in the selection lines.
The response to selection for mating speed was highly asymmetrical, as is often observed for traits that are major components of fitness (72, 75) , including previous studies selecting for divergent mating speed in Drosophila (76) (77) (78) (79) . Asymmetrical responses of fitness traits to selection are generally attributable to directional dominance and͞or genetic asymmetry, such that alleles increasing fitness are at high frequency. Because we did not observe inbreeding depression for mating speed, as would be expected if deleterious alleles were recessive, we infer that the most likely cause of asymmetry was the segregation of low-frequency alleles affecting increased female copulation latency in the base population.
The transcriptional response to selection for mating speed was profound, with Ͼ3,700 probe sets (Ϸ21% of the total number on the microarray) exhibiting a divergence in message levels between the Fast and Slow replicate lines, at a stringent false discovery rate of 0.001. In contrast, a previous study of transcriptional response to long-term selection for geotaxis behavior (71) found divergence in message levels for only 5% of the genes assessed. We speculate that this difference is attributable to a difference in criteria for declaring significance: Toma et al. (71) used a 2-fold change threshold, although we used a statistical test. We found that changes in transcript abundance of 10% or even less were often statistically significant.
The chromosomal locations of genes with male-specific changes in expression were nonrandom: the Drosophila X chromosome is depauperate for genes that are up-regulated in males. This is an apparently general phenomenon (80, 81) . X chromosome demasculinization is perhaps attributable to selection against genes that are advantageous in males but deleterious to females (80) .
The transcriptional response to selection is attributable to genes that have causally responded to selection and that are coregulated by these genes. Because the transcriptional response to single mutations with subtle phenotypic effects can involve Ͼ100 coregulated genes (82) , the number of selected loci causing the changes in transcript abundance between the selection lines could well be rather modest. It will be necessary to map the QTLs causing divergence between the selection lines to disentangle causal vs. consequential transcriptional responses to selection.
Nevertheless, genes exhibiting parallel changes in transcript abundance between replicate Fast and Slow selected lines are candidate genes affecting mating behavior. Could 21% of the genome really be responsible for regulating mating speed? Recent studies assessing subtle quantitative effects of P element insertional mutations on numbers of sensory bristles (83) and resistance to starvation stress (84) have concluded that Ͼ20% of the genome affects each of these traits. These results imply massive pleiotropy: the same genes affect multiple complex traits. Thus, genes regulating mating behavior are as likely to be genes involved in neurogenesis, metabolism, development, and general cellular processes as genes with specific effects on behavior (85) . In fact, the same loci may affect multiple behaviors. Pigment dispersing factor (Pdf ) and cyrptochrome (cry) were defined based on the involvement in circadian rhythm but were up-regulated in lines selected for positive geotaxis and confirmed to affect geotaxis behavior in functional tests (71) . We note that Pdf and cry are also differentially expressed between the Fast and Slow mating speed selection lines, implicating them in mating behavior.
Conclusion
In the future, functional studies will be required to test the extent to which transcript profiling of divergent selection lines accurately predicts genes that directly affect the selected trait. One such test is to assess whether mutations at candidate genes implicated by the analysis of differential transcript abundance affect the trait. A complication here is that mutational effects may be subtle, of the order of naturally occurring variation within and between strains. Many Drosophila mutant stocks have been generated in segregating genetic backgrounds, often containing multiple mutations. It is thus difficult to ascertain whether any difference in the phenotype of a complex trait and a wild-type control is attributable to the mutation in the candidate gene, ancillary mutations, or QTLs affecting the trait segregating between the mutant stock and the wild-type control. Multiple generations of backcrossing the mutation to a common control stock can abrogate this problem (71) . A more convincing test is to obtain viable hypomorphic mutations that have been generated in a coisogenic background and compare their effect on the trait to the coisogenic control strain phenotype (83, 84) . A subset of the P element insertion lines generated by the Berkeley Drosophila Gene Disruption Project (86) are in coisogenic backgrounds, as is the Exelixis collection of mutations (87) . These resources will prove invaluable in testing the predictions of the expression analyses. Another functional test is to perform quantitative complementation tests of mutations at the candidate genes with the selection lines, to assess whether coregulation of transcription translates to epistasis at the level of trait phenotype. Mutations are not available for many of the genes with altered transcript abundance in response to selection (e.g., the odorant-binding proteins). In this case, one can use linkage disequilibrium mapping (88) to assess whether molecular polymorphisms in these candidate genes are associated with naturally occurring variations in mating behavior.
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